Neutron scattering measurements on the spin-ice candidate material Ho 2 Ru 2 O 7 have revealed two magnetic transitions at T 95 and 1:4 K to long-range ordered states involving the Ru and Ho sublattices, respectively. Between these transitions, the Ho 3 moments form short-ranged ordered spin clusters. The internal field provided by the ordered S 1 Ru 4 moments disrupts the fragile spin-ice state and drives the Ho 3 moments to order. We have directly measured a slight shift in the Ho 3 crystal field levels at 95 K from the Ru ordering. DOI: 10.1103/PhysRevLett.93.076403 PACS numbers: 71.70.Ch, 75.10.-b, 75.25.+z Frustration, a condition which describes the inability of a system to satisfy all of its individual interactions simultaneously [1], has become an important concept in the realm of condensed matter physics, being applicable to a wide range of phenomena such as high-T c superconductors, liquid crystal phase transitions, and protein folding. A renewed interest in geometrically frustrated magnets has resulted from this general interest in frustration and the discovery of new magnetic ground states. One of these new states is the spin ice, which occurs on the pyrochlore lattice of corner sharing tetrahedra with weak ferromagnetic coupling between rare-earth ions subject to strong axial crystal fields [2] . In particular, the h111i anisotropy of these sites promotes a ''two-in, two-out'' low temperature spin arrangement upon each tetrahedron, which is stabilized by dipolar interactions [3] . The resulting ground state has a macroscopic entropy associated with the many ways that each tetrahedron can satisfy this condition independently of the other tetrahedra [4] . The short-ranged order of the spins on each tetrahedra maps onto the problem of proton ordering in water ice. Pauling first realized the significance of the specific heat anomaly at the ice transition temperature as being due to the disorder at each oxygen site [5] . An excellent agreement has been found between the spin-ice concept and physical properties including magnetization [6, 7] shows an anomaly in the magnetic susceptibility which agrees with these findings and suggests that the Ru 4 moments order at 95 K. However, this claim has not been verified until this work. This Letter details the study of Ho 2 Ru 2 O 7 by neutron scattering to determine if the Ru 4 moments order and, if so, to investigate the effect of the internal field on the Ho 3 moments, which dominate the magnetic response. We will show that the Ru 4 moments do order at 95 K into a spin-ice -like state of their own, while magnetic short-range correlations develop between the Ho 3 moments as the temperature is lowered further. The internal field associated with the Ru 4 sublattice appears to be enough of a perturbation upon the Ho 3 ions to induce a low temperature transition to a longrange ordered state at 1:4 K, which is not seen down to 50 mK of the other spin ices.
Frustration, a condition which describes the inability of a system to satisfy all of its individual interactions simultaneously [1] , has become an important concept in the realm of condensed matter physics, being applicable to a wide range of phenomena such as high-T c superconductors, liquid crystal phase transitions, and protein folding. A renewed interest in geometrically frustrated magnets has resulted from this general interest in frustration and the discovery of new magnetic ground states. One of these new states is the spin ice, which occurs on the pyrochlore lattice of corner sharing tetrahedra with weak ferromagnetic coupling between rare-earth ions subject to strong axial crystal fields [2] . In particular, the h111i anisotropy of these sites promotes a ''two-in, two-out'' low temperature spin arrangement upon each tetrahedron, which is stabilized by dipolar interactions [3] . The resulting ground state has a macroscopic entropy associated with the many ways that each tetrahedron can satisfy this condition independently of the other tetrahedra [4] . The short-ranged order of the spins on each tetrahedra maps onto the problem of proton ordering in water ice. Pauling first realized the significance of the specific heat anomaly at the ice transition temperature as being due to the disorder at each oxygen site [5] . An excellent agreement has been found between the spin-ice concept and physical properties including magnetization [6, 7] , specific heat [4] , and neutron scattering experiments [8] ions to induce a low temperature transition to a longrange ordered state at 1:4 K, which is not seen down to 50 mK of the other spin ices.
We have made 20 g of Ho 2 Ru 2 O 7 powder with less than 1% excess Ru metal as determined by x-ray and neutron diffraction. The magnetic properties were measured between 2 and 600 K using a commercial SQUID magnetometer. Elastic neutron diffraction measurements were performed with 2.37 and 2:0775 A neutrons at Chalk River and NIST, respectively, from room temperature to 100 mK. Inelastic neutron scattering was performed using various wavelengths (3 to 9 A) at the Disk Chopper Spectrometer (DCS) at NIST [11] . Symmetry analysis calculations were carried out using the program SARAHrepresentational analysis [12] . Rietveld refinements were done using FULLPROF [13] .
High temperature susceptibility data were fitted to the Curie Weiss law and a Weiss temperature of ÿ32 K was determined. This is in agreement with ÿ40: Below 95 K, where a small field-cooled/zero-fieldcooled divergence in the susceptibility data is seen, magnetic Bragg peaks appear which can be indexed with a k 0 propagation vector. These peaks are situated on top of diffuse magnetic scattering at low Q, which grows in intensity as one cools (see Fig. 2 ). This diffuse scattering is attributed to regions of short-ranged magnetic order (SRO) from the Ho 3 species. Spin ices have a characteristic diffuse scattering profile which is indicative of the ferromagnetic SRO (i.e., an accumulation of scattering about Q 0 [14] ). However, an unambiguous determination of the nature of this scattering requires further study, preferably on single crystals. A slight broadening of the magnetic Bragg peaks with respect to the nuclear, and the reduced ordered moment with respect to expected S The magnetic contribution to the powder neutron diffraction spectrum of Ho 2 Ru 2 O 7 below 95 K can be well described by ordering of the Ru 4 moments according to the irreducible representation (IR) ÿ 9 of the space group Fd 3m [15] . This irreducible representation has six associated basis vectors and may be thought of as involving a ferromagnetic structure along the a axis, 7 , an orthogonal antiferromagnetic structure, 8 , and those related by alternative choices of the lattice axis (see Fig. 1 ). As neutron diffraction from a powder cannot distinguish the orientation of these structures with respect to the cubic axes, we restricted our analysis to the Hilbert space defined by 7 and 8 . We note that equal proportions of 7 and 8 correspond to a spin-ice state with the propagation vector k 0. At 20 K the ordering is found to be 0:881 7 0:774 8 indicating that the Ru 4 moments order with a spin-ice -like local structure. It is convenient to characterize these structures according to the angle that the moments make with the uncompensated ferromagnetic component, in this case the a axis. Thus a collinear ferromagnet would have an angle of 0 , the state 8 [17] . Below 1.4 K, additional Bragg peaks appear in the diffraction data (Fig. 2) . The data could only be well fitted by assuming that both the Ru 4 and Ho 3 moments order according to the representation ÿ 9 . Unlike the 20 K data, contributions from both Ru and Ho sublattices were required, and the final ordered moments are 1:86 B on the Ru and 6:32 B on the Ho. The Ru 4 moments seem to be enhanced, but they are still within error of the 20 K values. The refined moments were oriented at 10 and 73 with respect to the uncompensated component indicating that the Ho 3 ordering reduced the frustration of the Ru 4 moments and increased their collinearity. The Ho 3 moments themselves are more antiferromagnetic than ferromagnetic (with more 8 character than 7 ). Interestingly, the Ru 4 moments orient themselves such that they cancel one component of the Ho 3 spins, which in our definition is the a axis. In the a-b plane, one can think of the two sublattices as being antiferromagnetically aligned, as shown in Fig. 2(d) .
Bensal et al. concluded that in Ho 2 Ru 2 O 7 , spin-ice correlations are expected between Ho 3 moments as T ! 0, since the condition imposed by den Hertog and (c) Gingras [3] , J eff effective nearest neighbor scale=D NN dipolar energy scale 0:09, is satisfied. However, we note that this is true only if the Weiss constant is adjusted for Van Vleck paramagnetism and demagnetization factors as found by Bramwell et High energy resolution inelastic neutron scattering was performed on 20 g of sample on the DCS. A representative spectrum at 220 K is shown in Fig. 3(b) . The dispersionless features at finite energy transfer are a result of transitions between crystal field levels at higher energies than those measured on the DCS (E > 10 meV). Figure 3 (a) shows that these excitations do not follow the form factor as predicted from isolated Ho 3 moments, but they are modulated inQ in a manner which follows the diffuse scattering seen at E 0 meV. The scattering tends to be peaked at values which correspond to the (111), (422), and (440) reflections, which are ferromagnetic points within the unit cell. This indicates that the Ho 3 spins have net ferromagnetic interactions, which is expected for a spin ice, and do not interact as isolated units. Future work is needed to elucidate the Q dependence of this data. It is unusual that such correlations are seen at high temperatures, but not unprecedented, as in the case of Tb 2 Ti 2 O 7 , which has short-ranged correlations up to at least 100 K [19] .
Using Ho 2 Ti 2 O 7 as a model and the notation adopted by Rosenkranz [20] , one can discuss the transitions seen in Fig. 4 . Transitions are observed at E ÿ1:5 meV (denoted F') and ÿ4:8 meV (denoted G'). Fitting these peaks to Gaussian functions, the temperature dependence can be plotted [see Fig. 4(b) ], and exponential behavior is noted with activation energies of 105(4) K (F' transition) and 113(9) K (G' transition). This corresponds to a separation of 10 meV from the ground state.
There is a clear shift in the center of these peaks as a function of temperature. Figure 4(c) shows an increase in separation between the levels below 95 K. The Ru 4 ordering induces a small internal field, which provides a Zeeman-like splitting of the Ho 3 levels as illustrated in Fig. 5 . Since there is a small ferromagnetic component to the Ru 4 ordering, this is not a surprising result. It does show, however, that the Ru 4 ordering has a measurable effect upon the Ho 3 crystal fields. Although there is a short-ranged ordered state on the Ho 3 sites well above 1.4 K, it appears that the Ru 4 ordering is enough of a perturbation of the fragile spin-ice state to induce ordering upon the Ho 3 site and drive the system to order. It has been suggested that the dominant interaction is dipolar at low temperatures, with an interaction energy scale of 0.24 K [9] . This is reasonable to assume, given the localized nature of the f electrons of Ho 3 . Superexchange pathways are likely to be complicated between the two magnetic sublattices.
In conclusion, we find that Ho 2 Ru 2 O 7 is not a spin ice, and has two magnetic ordering transitions, with Ru 4 and Ho 3 ordering at 95 and 1:4 K, respectively. The magnetic properties of the rare-earth pyrochlores are the result of a delicate balance between single ion anisotropy, exchange, and dipolar coupling [2] . Although other rare-earth pyrochlores such as Er 2 Ti 2 O 7 [21] and Gd 2 Ti 2 O 7 [22, 23] order, it is found that the corresponding structures vary considerably due to the roles played by these complicated interactions. We suggest that the Ho FIG. 5 . Schematic of the crystal field levels in Ho 2 Ru 2 O 7 (adapted from Rosenkranz et al. [20] ). The transitions F' and G' are noted. As the Ru 4 moments order, the crystal fields are split slightly. The schematic is not to scale and the splitting is exaggerated for clarity.
